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SUMMARY

A conceptual design analysis was performed for the
purpose of evaluating the feasibility and advantages of
a supersaturated feed fuel cell (SFFC) based on packing
reactants into electrolyte solutions under high pressure
followed by circulation of the loaded electrolytes through
aprropriate porous electrodes. This study was confined
to low temperature alkaline HQ;OQ fuel cells.

Tentatively assumed normal operating conditions of
75 ©c at 10 atm system pressure and 20C atm reactant sat-
uration pressures, 5 M KOH, and 0.25 amp/cm® apparent
electrode area, yield a predicted output voltage of at
least 1.10 v/cell for the SFFC as compared with only 0.90
v/cell or less for gaseous-diffusion type (GDT) or for
recently considered undersaturated flooded-flow (UFF)
systems. This voltage increase of more than 20% is ob-
tained in spite of a rather high apparent current density
because of:

a) a gain of 0.10-0.12 v in theoretical emf deriving

from the free energy of expansion of pressuriged gases

(Nernst potential);

b) a reduction in cathodic activation polarization

of at least 0.10 v deriving from:

1. increased exchange current density with

increased reactant partial pressure;

- 41 -



€. higher ava’lable catalyst area obtainable
wlth flooded-flow electrode structure; and

3. better accessibility and utilization of the
avallable catalyst area; and

c) reduced anode concentratlion polarizafion and reécad

oanmnic losses within the electrode structures agaln re-

sulting from the Improved accessibility of catalytic sites,

Superior electrode performance may also be expected from
accelerated product and heat removal from the active sites.

Reactant and product transrort vis the clirculsting
electrolyte also increases the peak power capability to U4-C
times the rated power.

The voltage gain of more than 2C% results in a corres-
ponding increase in energy efficiency and hence 1n a propor-
tionate decrease in reactant and storage tank weights. The
improved energy efficiency also results in decreased head
generation and hence in a decrease of over 3C% in requlred
radiator weight. This saving together with the major reduction
in fuel cell stack weight afforded by the increased rower
density results in a net saving of over 20% in total equipment
welight. An over-all saving of at least 20-30% 1s thus obtained
with the SFFC regardless of mlssion length.

Since the reactants snd tanks constitute the predominant

weight items in longer wmissions, even small percentage savings

- 111 -



in reactant consumption mey be of importence. A €-15%
incregse in energy conversion efficiency way then be

effected by means of a thermal engine dr:ven by the hest
generated in tre fuel cell reaction. Such sn engine could
emply. take care of all the accessory pumping and pressurization
pover requirements which amount to less than 3% of the fuel
cell output.

A higher oper=zting temperature, =.g., 100-15C ©¢,
should result in further reduction in polarigzation and
ohmic 1osses and hence in further weight savings. However,
additional solubllity data will be required to ascertain
the optimum temperature region.

Saturation pressures in excess of 200 atm, rossibly
as'high as 600 atm, might also yield additilorsl sdvantages.
However, beyond 600 atm any marginal gsins would probsbly
be outwelighed by increased pressurizstion and pumping
power requlrements and increased equipment weight.

The SFFC system is shown to be stable and In vart
self-regulsting. It is also readily amenable to extérnal
control by either electronic or fluidic cirrvitry. In
spite of the required additional components, the system
as a whole gppears to be simrler, more rugged, and more
reliable than GDT systems, chiefly because of simplifi-

cations and functionel improvements in the fuel cell stsck.

- {v -



The negligible rate of electrode deterloretion and
the increased lifetime to be expected with the SFFC mey
be of special lwmportance in long missions.

Further work should be aimed first of all at the ex-
reriwental veriflication of the expected advantcges of &
small SFFC utilizing conventionz1 scce:zsory equirment.

The deslgn, construction, snd testing of comnect saturat’on
chembers, pumps, and controls could thereafter lead to a

perflected system.
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OBJECTIVE

This report assesses the feasibility and advartages
of high-performsnce flooded-flow H,-0p fuel cells wherein
the required mass and heat transyort to and from zctive
electrode sites would be effected through circulotion
of reactant-supersaturated electrolytes. Such circulating
zlectrolytes may be expected not only to overcome the
d:ffusion and heat transfer limitations encounter:d vith
gas-filled eleptrodes, but also to result in higher ex-
change current densities and oren-circuit voltages, and
consesguently 1in higher over-all energy convercion effi-
ciency and in reduced powerrlsnt and reactant weights.

This study 1s confined to alkallne type fuel cells

operating =t low or moderate temperature.

I. BACKGROUND
I-1. Drawbacks of @as-Diffusion Electrodes

The operation of present Hy-0p fuel cell electrodes
is dependent on dissolution of gaseous reactants at gas-
electrolyte interfaces within electrode pores followed
by reactant diffusion through the electrolyte toward
the active catalyst sites at the pore walls (1-7). How-

ever, the low solubilities and diffusivities of Hy and



T

0, In agueous electrolyten necersitate chort diflfusion
paths in order Tor the wuechonlsm to procesd at an sopre-
ciudle rote. Most of the electrochcmical activity must
thereforc be confined to thin meniscus £llmc within the
glectrode pores. Morzover, tha lonlc conductanc: throusl.
the electrolyte glong a thin meniscus film must be qulte
lowv and must decresse with the distance from the wenlscus
tip. Hence. the major electrochemical actlivity tends to
be concentrated in Teirly narrow meniscus rcglons which
may extend to a depth of only sround 107 -1 cn (8, ).
Such concentration of electrochemical esctivity imrlies;:

a) less than 1% utilization of the available

catalyst area, the ususl electrode thickness

being in oxcess of 107¢ cm; and

b) a tendency towards local overheating in the

active regions with concomnitant deactivation of

catalytic sjtes (8-10).
Such deactivation may in turn account for or contribute
to the observed gradusgl deteriorstion of [luel cull elec-
trodes st'ter several hundred hours ol continuous oters-

tion (11, 17).
I-7. Plow-Through Electrodes

It may be readily seen that the above difficulties

could be gvoided by filling the electrode pores with cir-




culating reactant-rich electrolyte. Besides providing increased
heat absorption capacity, the circulating electrolyte would
serve ﬁo‘carry the reactants to the catalytic sites and
remove the reaction products from the electrode pores. The
effective lonic conductance along the pore walls would also
be increased considerably, since no non-conductive gas-filled
spaces would be obstructing the current through the elzctrolyte.
Neither would the pores have to be occluded by non-conductive
wet-proofing agents. A much larger fraction of the availlable
catalyst area can thus be allowed to participate in the fuel
cell reactions.

Such a "flow-through" or "flooded-flow" Hy-0, fuel
cell system was already thought of and tested by Bacon
back in 1939 (13). Although Bacon's flow-through elec-
trodes could yleld current densities of up to 81 ma/cm2
at 0.65 v/cell, they were abandoned as inferior to the
gas-diffusion electrodes because of apparent transport
rate limitations. The latter might be attributed to the
low solubility of gases in KOH solutions under Bacon's
operating conditions - 27% KOH solution at 240° C and
1,075 psi. According to data from several sources (14-20)
plotted in Fig. 1, the solubllity of H, and O, in 27% KOH
solution decreases with increasing temperature at the rate

~nf >
of around O

O ¢ and 75° C.

*
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"
*
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A similar trend 1s exhibited at higher temperatures for the
solubility of Hy, in 75-82% KOH solutions between 170 °C and
200 °C (Fig. 1lc). Hence, the solubility of H, and O, in

27% KOH at 240 ©C should be at least an order of magnitude
lower than at 75 ©°C, 1.e., of the order of 1072 M at 1 atm
solute pressure. At Bacon's maximum pressure of around 75
atm the solubility might increase at most to circa 1073 M,
which would still require an electrolyte flow rate of at 1least

e-sxec'1 or 15 gal/min/ft2 for a current density of

1 cc-cm™
around 100 amp/ftg. The relatively poor performance of Bacon's
flow-through electrodes 1is therefore hardly surprising.

More recently Meissner and Reti (21, 22) experimented
with a flow-through system at room temperature and atuwos-
pheric pressure. However, the low solubilities of Hp and

0o at low or moderate pressure would again require inordinate

flow rates for high power operation.
I-3. Iow-Temperature High-Pressure Flooded-Flow Fuel Cell

In a quite recent optimization analysis, Reti and Sadek
(23) propose a flooded-flow system operating at 50 atm and
room temperature (291 °K) to 373 °K. These conditions
begin to approach those selected in the present study, but
they still fall far short from the optimum arrived at below.

According to Fig. 1, the solubility of H, would

-



exceed 107% M in the ranges of less than 30% KOH at less
than 75 °C or of more than 90% KOH at 170 °C to 200 ©c.
Moreover, the solubility of O, in 5 M KOH solutions obeys
Henry's law up to a pressure of nt least 10 atm (17, 24).
Assuming Henry's lsw to be approximately valid up to

200 atm, one would expect at equilibrium saround C.N3 M
Hz or O, in 5 M KOH solution at 75 °C end 200 atm solute
pressure. Under these conditions, the reactant concen-
tration would be at least 30 times higher than in Bacon's
early experiments, which cculd yield st least 5C-old
higher current densities, i.e., several amp/cm®, ot
comparable electrolyte flow rates.

Higher reactant pressures would also yielé = higher
output voltage and hence a higher ensrgy conversion effi-
clency, with considerable savings in the weights of
reactants and storage tanks (cf. Sec. IV). These volt-
age and energy gains arise from:

a) increased open-circuit voltage (cf. Sec. I-6);

b) decrcased diffusion polcrization losses (cf. Sec III-

4b.e.1.); anc

c) increased exchange current densities and hence

reduced activation polarization (cf. Sec. III-4.e.i1.).
Electrolyte saturation st high reactant pressures may
therefore vyield superior flow-through electrodes provided

that certain objectionable features of high-pressure\




Operation be zutisfactorily circumvented.
I-4. Supsrsaturated Tlectrolyte System

To have an entlire fuel cell svstem precscrized to
uore than 10C atm would herdly be practical, w#s a sizebl:z
Eressure-resistant enclosure could casily outwelgh the
Ssvings to be expected from improved fuel cell pcrform:nce.
However, it arpesrs possible to overate most of the
system at moderate pressure, e.g., at around 10 atm, ..nd
merely saturate the circulating electrolytes with the
reactants In combvact high-pressure chambers. Uron leesving
a high-pressure chauwber, the electrolyte would instantly
bcecome supersaturated, and gas bubbles would tend to
form, but the rate of bubble formation could be kept
down to a small percentage of the rate of reactant con-
sumption at the flow-through electrodes (cf. Sec. III-F).
The letter would then yield the enhenced perforuence to
be derived from incressed reactant concentration, just
a8 1n a highly pressurized system, in spite of being
mgintained at a merely moderate pressure.

The possibility of utilizing gss-supersaturated
electrolyte in flow-through fuel cell electrodes is the

kKey point of this study.

o)
t
N

Stability Condition

The rapid release of pressure from the fluid leaving




the saturation chamber does not introduce any explosion
hazard, because the concentration of dissolved gases
must still remain rather small. The solubilitiec of

Hp and O, in 5 M KOH solution being less thon 2 x 10'“
M at 1 atm pressure (cf. Fig. 1), even pressurization to
200 atm could not rasise this concentration much above

3 x 1072 mole/cc. Now, 3 x 10-5 gm-mole of gas at 7¢ °¢

-

and 10 atm would occury volume of less than C.1 cc.

)

Hence, even complete degassing of the surcrsaturated
electrolyte could not incrscs~ the total volume by more
than 10%. It should therefore be necescary and suficient
to provide room for a 104 voluame expansion within thc
electrolyte circulation system, o.g., by using expsncéible
tubing or containers, to preclude any sxcess pressure

huild-ug.
I-6. Thermodynamic Aspects

According to the well-known Nernst relotfon, the

reversible voltage E,,, of an H,-0, fuel cell should

v
incregse with the respective partisl pressures Y1~ and
[
Po-, at the electirode surfaces
L
Epey = E° * (RI/F) 1n (posipgs?)
where EC is the reversible potentinl st unit reactsnt

pressures {1 atm), R is the gas constant, T is the zb-

solute temperature, and F 1s a Faraday. For a 5 M KOE




solution at 75 °C and poy; = pgp = 100 atm, the second
right-hand term of Eq. (1) amounts to approximately
0.1C v, as compared to the E® value of 1.19 v (27).
For po2 = pH-2 = 000 atm, this seccond term awmounts to
.12 v.

In a supersaturated electrolyte, the values of
ieleds and pHQ would tend tc approsch the asmbient prercure
acymptotically with tim:, but their instantsnecus velues
uron leaving the raturation chambers would not decrease
appreclably as long as the gases remein mostly dissolved
in the electrolyte, since the partisal pressure of a
solute 1s gpproximately proportional to its concentrstion
in accordance with Henry's law. One may therefore ex-
pect an open-circuit voltage gain of C.10 to 3.12 v for
saturation pressures of around 200 gtum.

This gain in voltage and hence in over-szll energy
conversion efficiency derives simply from the utllizetlon
of the free energy of expansion stored in gny high-pressure
or cryogenic gas supply. In present fuel cell systems
this expanslion energy 1s wasted in the pressure-reducing
valve.

In inactive gas-supersaturated electrolytes this
expansion energy would also tend to be wasted in spon-
taneous bubble formation. However, circulation of the

supersaturated electrolytes through active electrode



pores would channel this available ree energy of expansion
into useful electrical work.

Also wasted in present systems is the thermal energy
dissipated ln the fuel cell reaction. Even in = perfectly
reversible cell the difference between the free energy
and the enthalpy of water formation would be equivalent
to around 0.25 F-v/F = 0.25 v. 1In cells operating at
rated load, the ohmic and polerization losses are likely
to amount to zn additional 0.17 v even with the highly
efficlent system to be described in Sec. II snd ITI.

Total heat generation would then amount to saround 0.42
v/1.15 v ~ 36% of the net power output. This heat, gen-
erated at a fuel cell temperature of sround 250 °k, would
be absorbed by surroundings having an effective temperature
of less than 290 %k (26) and possibly even as 1low =s

200 9k (27). sSince a reversible heat engine opersting
between 200 9K and 350 °K could convert asround 434 or

the absorbed heat into useful work, it should be possible,
in principle, to obtaln additional power possibly ap-
proaching as much as 43¢ x 36% ~ 154 of the fuel cell
output.

Even a 15% efficiency gain might usually not warrant
the additional weight and complexity of a heat englne
system. However, when most of the elements of a heat

engine are glready present or required anyhow, they might



just as well be made to yield meximwn energy efficiency
vithout substantially complicating or welghting down the
over-gll system. In particular, it may be noted that:
a) efficlent heat exchangers are required anyway
to remove the heat generatcd in the fuel cell; and
b} a boiling or condensing liquid provides a most
efficient heat exchange fluid (28).
Furthermore, a boiling 1liquid can also yield pressurized
vapor capable of driving a turbine, piston, or motor
which could in turn drive the pumps and/br comnressors
reqﬁired in the electrolyte-circuletion and saturation
system described in Sec. II. The energy esvz=ilable froum
the dissipated heat could thus provide not only all the
required pumping power, but even some excess power to
supplement the electrochemical fuel cell output, as shown

in Sec. II-2.c.

- 10 -



II. SYSTEM REQUIREMENTS

The rather simple approach outlined in Sec. I does
not seem to call for any undue complexity. Indeed, a de-
tailed comparison with existing complete fuel cell systems
reveals significant simplifications and increased relia-
bility resulting from the supersaturated electrolyte feed.
These gains will be found to arise chiefly from major im-
provements in the fuel cell stack and from the redistri-
bution of essential functions among a larger number of simpler
components, each of which is especlally suited for its reauired
task. The Chief flaws of gas-diffusion electrodes, as outlined
in Sec. I-1l, may be related to those functions for which these
electrodes are not inherently suited. Once relieved of such
unnecessary burdens, the fuel cell stack is enabled to develop

more fully its electrochemical potential.

II-1. Electrolyts Supersaturation and Circulation System

The essential and also some optional components of
an operable supersaturation and circulation system are
indicated in Fig. 2. Starting from the right-hand side
of the flow-diagram, cryogenic H, stored at around

10 atm 18 fed into a well-insulated chamber, wherein

- 11 -




it 1s compressed to around 200 atm and infected

at high speed at appropriate intervals into an electrolyte-
saturation chamber through a multiple-outlet atomizing
nozzle.

In order to minimize the pumping power requirements,
the liquid hydrogen injection step must be timed in
accordance with the following cycle:

1. With valves B and C open and valve A closed,

reactant-deficlent electrolyte 1s allowed to fill

the absorption chamber at the moderate system
pressure of around 10 atm. No significant pressure
differentlal across valves B and C is reaquired in
this step.

2. Valves B and C are first fully closed and then

valve A is quickly opened for a brief time interval

(1-10 msec) so as to allow rapid injection of a

metered volume of ligquid Ho. The high pressure

- 12 -



differential across valve A -- circa 200 atm --

should be adequate to ensure atomization snd dis-

persgl of fine liquid Hp droplets throughout the

absorption chamber.

3. With valves A, B, and C closed, the fluild confined

in the absorption chamber is pressurized through

rapid vaporization of the liquid Hé and is further

compressed hydraulically to a pressure of around

200 atm. Saturation of the electrolyte should be

accelerated by the pressure waves generated in

steps 2 and 3 and by the instability of fine liquid

H2 droplets dispersed in warm electrolyte.

Following step 3, the saturated electrolyte is displacéd
by partly depleted electrolyte as outlined in step 1.
After passing through a hydrogen-activity sensor (see p.27), the
enriched electrolyte 1s distributed among multiple inlet
lines and forced by a multi-channel pump into the separats
Ho-electrode compartments of the fuel-cell stack.

The multi-channel pump may be of the peristaltic
type or of any other variety which could be easily
driven by a single shaft and which would tend to brezk szny
electrical leakage paths through the electrolyte ©between
series-connected cells. In order to prevent such leskage

paths, the Ho-rich electrolyte leaving the fuel cell stack

_13-




should pass through a similar multi-channel pump. At

the exit from the latter pump the channels may be comb!ned
into a single 1line passing through a hydrogen activity
sensor, water and heat removal system, and a gas-11quid
separating or gas-dispersing filter leading back to the
saturation chamber,

The left-hand side of Fig. 2 outlines an essentially
similar saturation and clrculation scheme for the 0O,-
enriched electrolyte. Mwever, the water and heat removal
system may be dispensed with on this side, as the water
forms on the hydrogen side in alkaline fuel cells, and
heat conduction within the fuel cell stack would prevent
excessive temperature gradients between the 0o, and B,
electrodes. Any moderate temperature gradient could
even have the beneficial effect of increasing the exchange
current density and hence reducing the polarization at

the oxygen electrode (cf. Sec. ITI-4.d.).
I1-2. Essential Components

a. Saturation Chambers

Each saturation chamber (Fig. ) 1is connected directly to
three valves, and is also acted upon by a piston acting on a

hydrauliec oil acting on a diaphragm. In missions of long dura-

s - v

tion, the piston power wmay be proveded by a thermal engine, as

proposed in Sec. I-6. The maximum volume displacement

- 14 -



of the piston and diaphragm may smount to only around
0.1 to 1 cc (cf. Sec. ITI-3.c.). Both the piston and
the dlaphragm can therefore be fairly rugged and compact.

Around 100 or 200 cc/sec of electrolyte would have
to be circulated through each saturation chamber per
1 kv power output. Thus, in a system designed for cycling
rates of between 0.5 and 10 cps and a power output rsnge
of between 0.5 and 10 kw, around 100 or 200 cc electrolyte
would have to be saturated in each cycle. This would
require a saturatlion chamber capacity of around 100 or
200 cc for a 2-kw powerplant capable of yilelding a peak
power of 10 kw, 1.e., operating at the rate of 1 cps
per kw power output.

The weight of a 100~ or 200=cc sgturation chamber
capable of withstanding around 200 atm pressure can be
readily estimated from the weights of currently available
high-pressure containers. Thus, a 150=ml Monel double-
connection type sampling cylinder rated for s msximum
operating pressure of 5,000 psi (Hoke No. 4 HDM 150)
weighs only 1% 1b (29). Hence. a 3,000-psi pressure
chamber would require a cylinder weight of around 2 1b
with conventional alloys. With the stronger alloys
developed in recent years, such as the low-carbon chrome-
molybdenum steel used for low-weight high-pressure gas

fanks, the required cylinder wvelight would come closer

-15_



to 3 1b/100 cc capacity (30). However, in view of the
somewhat more complex geometry of the saturation chamber
of Fig. 3, a weight of 1 1b/100 cc capacity will be
assumed in the estimates of Sec. TV-1.

In order to effect rapld and nearly homogeneous
dissolution of the injected gas throughout the slectro-
lyte volume, g multiple nozzle arrangement is required
such as that shown 1n Fig. 4. These multiple nozzles
should be distributed uniformly over at least one complete
side of the saturation chamber, as shown in Fig. 3. Once
the nozzles are properly distributed so as to inject a
mist of liguid Hs or 05 droplets uniformly dispersed
throughout the chamber, it can be easily shown that the
equilibration time need not exceed 1073 to 10°2 seconds.
The volumé ratio of electrolyte to liquéfied reactant
being of the order of 100 cc/0.1 cc *= 103,
the particles contalned in each droplet would have to

diffuse to an average maximum distance
HE"’ 107 (2):

where T is the average droplet radius. Moreover, the rus
1

displacement (52)2 of a particle by diffusion within a

time t4 1s given by (31)
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where D is the diffusion coefficient of a given vrarticle specles

within & given medium. Fquilibration might be considered as

nearly complete for
1 -
(a%)2 = q, (),

as the average particle would by then have diffused through the
maximum required distance. Egs (2) through (4) thus yield an
equilibration time

toq ¥ (107)2 /2D (5).

Thus, for D% 1075 cwf-sec™! and 7 = 10~% em, t, "< 0.005 sec.

€q
Sufficiently rapid equilibration should therefore be achievable
wlth nozzles yielding an average droplet radius of 1 micron.

The above rapid homogenization and saturation approach
may be akin to that utilized in several widely used rapid
ultrasonic emulsifiers which also act via injection of 1liquids
through nozzles at high pressures (32). Moreover, the present
homogenization process 1s greatly facilitated by the instability
of liquid Hy, or 02 droplets in hot agqueous solutions. This

instability should counteract or eliminate the usual inter-

facial barriers to the mixing of different fluid phases.

b. Fuel Cell Stack

1. FElectrode Configuration. The electrode configuration
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In a single cell is shown schematically in Fig. 5.
The anodlc snd cathodic electrolyte streams are separated
by a microporous hydrophilic matrix which permits ion
transport by conduction but impedes convective mixing
of the streams. In order to minimize such mixing, the
micropores within the separator matrix should be at least
an order of magnitude smaller than those in the porous
electrodes, l.e., around 0.1 micron or less. Moreover,
in order to distribute the flow about uniformly through
the electrode pores end yet avoid excessive pressure
drops, narrow baffled channels are provided at the
back and front of each electrode.
For minimum pumping requirements only three baffles
are required per electrode -- two placed near the ends
on one side of each electrode and one placed midways on
the opposite side. The electrolyte is then forced to
floﬁ nearly pefpendicularly to the féce of each electrode,
entering from the back of the electrode on one side of
the central baffle and then re-entering frontally through
the other half of the gpparent electrode area. The elec-
trolyte must thus pass through two electrode thicknesses.
The channel or gap widths Lg between the'inner elec-
trode surfaces and the separator matrix or between the

back surfaces and the outer cell walls need not exceed

- 18 -



0.01 cm, which is sumple to permit nea1ly free flow along-
side the zlzcticde surfaces, the mean pore diameter with-
In the electrodes being around 100 times smaller (10'4 cm) .
In order to mgintaln Lg constant over the entlire active
area, the electrodes must be covered on both sides by
multiple 0.01 cm thick discs of sufficiently small dia-
meter to constitute no obstruction to electrolyte flow.
The discs attached to the inward surfeces may be non-
conductive, so as to prevent eny electricsl shorting
through flaws in the sepsrator matrix , whereas the cuter
discs may be metallic so as to provide electrical contact
to current collectors at the cell walls.

The cell wall may consist of & single s£0lid nickel
sheet around 0.02 cm thick, shered with and providing
electrical contact to an adjacent cell in 2 bipolsr
electrode type of series-connection, in which case the
wall thickness attributable to a single cell would be
only IL,g = 0.01 cm. Alternately, the metellic current-
collecting sheet may have to be insulated from the next
cell in order to allow g parallel cell connection, in
which case the singie cell wall thickness would have to
be at least pr‘f 0.02 cm.

Thus, with a cathode thickness I, =~ 0.01 cm, ancde
thickness Lg = 0.0025 cm, separator thickness Lg *~ 0.0 cm,

and alternating parallel and series connections between
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adjacent cells, the total cell thickneszs Ly becoumes
Lp = Lyp * Lyg * 4Lg t+ L, + Le * Lg 7 0.123 cm

Thus, with pairs of cells connected in persllel, -

30-palr fuel cell stack would have & total thickness of
3¢ x 2 x 0.123 cm ~ 7.4 cm,
excluding the end plates.

11. Prevention of electrical leskage prths through the

electrolyte. To minimize leaksge currents through the

electrolyte between series-connected cells one may either
resort to special manifolding, as has been practiced with
one type of Zn-air battery (33) and as was also proposcd
by Reti and Sadek (23). This approach may have the ad-
vantage of simplifying the pumping system and the electiro-
lyte connections to the cell stack. However, even small
leékage currents at voltage differences of more than

3 v may cause slow electrode deterioration througn de-
plating of metal from some electrodes and dendritic
growth on others. It may therefore be prefersble to

separate the electrolyte lines by resorting to a multi-

channel pump, as proposed earlier (cf. Sec II-1 and Fig. 2).

A 35-volt stack (comprising 30 cell-pairs at 1.15

volt/cell) would then require 60 inlets and 60 outlets,
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half for the Hé-rich and half for the On-rich electrolytes.
TO avold crowding of channels, the haffles on the snodes
and cathodes should not be parallel to each other, =s
suggested in the schematic drawing of Fig. 5, but should
rather form two perpendicular sets. The anodic electro-
lyte flow across each cell could thus proceed from left

to right, while the cathodic Flow proceeds from top to
bottom (or the other way around). The appropriate inlet
and outlet channels could then be arre~nged arproximately
alongside (tut not along the full length of) the resrec-
tive baffles. With each inlet feeding one cell-pair
around 0.25 cm thick, and with the inlets and outlets dis -
posed pertway along 4 cell sides, excessive crowding of

chgnnels 1s easily avoided.

i1l1. Size and weight of fuel cell stack. As shown in

Sec. III-4, the active fuel cell volume and weight need
not exceed 450 cmd/kw and 2.7 1b/kw, respectively. How-
ever, when provision is made for edges, gaskets, and end
pPlates, these values may double. Thus, a E-kw fuel cell
stack would have a total volume of around 4,500 cmd (e.g.,

10 cm x 18 cm x 25 cm) and g total weight of around 27 1b.

¢c. Water gand Heat Removal System

As found in Sec. I-6, the rate of heet generation
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would amount to around 36% of the fuel cell power even
at 1.15 v/cell. At 1.10 v/cell the heat production would
amount to 0.47 v/1.10 v <~ 43% of power output. 1In addition,

water would be produced at the rate of

9 gm x 103 v-coul/sec/kvw 0.085 gm-sec”l-kwl,
1.1 v x 96,500 coul

The latent heat of vaporization of water being 540
cal/gm, around 46 cal/sec = 190 watts must be carried away
by water vapor transpiring through semi-permeable membranes.
The remaining heat, amounting to (430-190) w/kw, is to be
removed by a heat exchanger.

Since the rate of Hé-rich electrolyte flow is around
200 cm3/sec/ww (cf. See. III-3.c.i.), the temperature
rise within the electrolyte leaving the anodes would amount
to only around 1 ©C. The difference between counter-
current and other types of heat exchangers may therefore be
negligible. Nevertheless, to maintain a proper water
balance 1t appears preferable to bring the heat exchange
fluid up to around 65 ©-70 O°Cc, in a counter-current ar-
rangement and then allow the water to condense on the
heat exchanger walls at around 68 ©C, so as to obtain an
approximate water vapor pressure equilibrium with the
5 M KOH electrolyte at 75 °C. This water removal and

electrolyte composition control method is modelled after
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the well known "osmotic still" (34).

To provide efficient heat transfer as well as thermsl
engine power the heat exchange fluid should be in the form
of vapor-liquid mixtures at both 1ts warm and cold ends.

A suitable Freon composition should be wusable for these
requlrements. On the warm side, at around €7 ©C or 340 OK,
the heat absorbed from the electrolyte and condensing
water results in vaporization and pressure build-up in the
Freon mixture. Expansion of the compressed vapor through
a plston or turbine then ylelds thermsl engine power and
also effects partial cooling of the vapor, e.g., to around
290 °k. The cool low-pressure vapor condenses Iin e redi-
ator facing the dark side of the sky, and the cool con-
densate 1s pumped back to the warm heat exchanger.

This entire opergtion represents the reverse of a
standard refrigeration cycle (35). The theoretical engine
efficiency under these conditions should be around 50
°k/340 °K = 14%. The engine could thus deliver a maximum
of 0.14 x 430 w/kw =~ 60 w/kv.

gince the total parasitlic power requirements should
amount to less than 30 w/kw (cf. Sec. III-3), some excess
heat engine power may be avallable for the performance of
extra tasks, e.g., to compress the boil-off from cryogenic
storage tanks or to produce saturation chamber pressures

exceeding 200 atm.
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II-3. Accessory Components

Many variants of the pumping and pressurization system,‘
control system, and other accessories not elrecady discussed
appear to be fessible and perhaps equally acceptable de-
pending on specific mission reguirements. The following
examples must therefore be regarded as merely suggestive
or illustrative of some of the many ontions avallable

to proficlent designers.

&. Pumps and Pressurizing Devices

With the wide variety of szvailable pumps, compressors,
end pressure boosters (36, 37) thers is plenty of room
for flexibility in system design. Although several pumns
are indicated in Fig. 2, only one or two custom-built
units could take care of =11 the requirements. E.g.,
the medium-pressure pump(s) required for -lsctrolyte cir-
culétion could also effect the compression of the cryo-
genlc reactants and of the saturation chambers vla such
hydraulic pressure-bocsting devices as a raim-encd-piston
or multiple diaphrsgm (37). Such an approech would slso
Permit smoother continuous operation, as pumping of the
electrolyte could then be allow=d to proceed by dlversion
of the electrolyte into the prescsure booster{s) during
those time intervals when the saturation chamber is cloced

off.
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Although s peristeltic type of multil chrnnel pump
was suggorted earlier (Secs. TT-1 oand TT-2.b.11.) as =
means of preventing leskesge currentc through the cleetreo-
lyte, the =ame purpcse could be achieved with s srectnlle
designed rotary pump having o compartmentelized imveller
and multiple inlets or outlets fscing different compart-
ments. E.g., a regenerative pump with a turbine resembling
& honeycomb, and close clsarances between the lupeller
and the casing, as dsccribed and 11lustrs ted in rel. 2€
(pp. 218-9, Fig. 6-24), may Ve ideslly zuited for this
purpose.

It might also rrove possible to adspt a radinl ziston
typve of pump. Such pumps sre highly sthiractive in teruws
of performence capabilities, ruggedness, and coumpectness.
E.g., & ball-shaped piston type described in ref. 37
(pp. 37-8 and 62) has a power to weight ratio of £ hp/lb
and pcrforms equally well a8 a verlable-speed motor end

as a high-capacity pump.

b. Start-Up and Control System

1. Start-up. The ﬁriming required to supply reactants

to the fuel cell stack could be effected ¢lectrically,
hydraulically, or via an electronic or fluidic signal
actuating an electric or hydrzulic motor. If the con-

tinuous puiping power is to derive from the tisrmal
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engine, as suggested in Secs. I-6 and 1I-2¢., then

a hydraulic motor driven directly by the thermal

engine would seem superior to an electrical one. Such

a motor could be initially driven by expansion of gaseous
reactants drawn (rom the storage tanks. There may thus
be no need for any auxillary electrical powsr surpply
even at start-up. A simple fluidic circult maintsined
by reactant boil-off could actuste a priming valve ini-
tiating gaseous rlow through the hydreulic wotor. Once
the fuel cell stack has been supplied with reactants

and hss reached 1ts proper opereting tempersture, a
voltage zignal can actuate a diverting velve to tring the
thermal engine into action.

Alternately, when an auxiliary electric power source
is available anyhow, conventional electrical start-up
might be preferable. 8Since the maximum parasitic power
requirements at full load would be less then 3% of output
power (cf. Sec. ITI-3), a 10- to 3C-watt power source

fiould be adequate for priming purposes.

11. Built-in versus external servo-controls. The therumal

engine may provide a built-in servo-control, since the
heat generated will be roughly proportional to the power
output and will incregse with increasing polarization, and
an increase in the rate of reactant supply in proportion

with the avallable thermal power would tend to reduce
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polarization and thereby moderate the heat generation.
However, such g control method may be too sluggish for
some requlrements. A positive computer-logic type of
control mechanism may therefore be prefersble. Never-
theless, the inherent servo-control feature associated
with a thermal engine might make the latter attrective
from the reliability viewpoint.

The external control signals mey dorive from g
fuel cell voltage sensor; from reactant esctivity sensors,
or from both, depending on the redundence required to
ensure adequate rellability. The reactant activity sensors
may consist simply of miniaturized fuel cells with
small-area anodes facing larger cathodes or vice versa,
with the current density and/or degree of polarization
at the smaller electrode providing a measure of the

reactant concentration in the tested electrolyte.

iii1. Control System. Flow proportioning, sequencing, and

adjustment to variable loads can be accomplished using
fluidic or electronic control.

Since the optimum reactant feeding rste would be
approximately proportionsl to the power output, the
saturation cycle frequency should be varied accordingly.
Such frequency control can be effected by & primary

fluidic device system utilizing a brushless motor driven
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by a variable frequency oscillstor. The approprisate
control signal, which may derive from a fuel cell voltage
sensor and/or from the reactant activity sensors adjusts
the osclllator frequency. The brushless motor rotutes
a vane which Interrupts or establishes g fluidic path
to or in opposition to an operation.

The fluidic switching logic is guite simple. Iooking
2t the anodic loop (Fig. 2), one wmay start with valves
B and C open. The Hy activity sensor tests whether
enough Hy is fed to the fuel cell stack. As long as
the Hp zctivity on the inlet side of the stack remains
high, valves B and C stay open. When the H, activity
in the liquid leaving valve C falls below a pre-set
value, valves B and C are closed. A delay ensues and
A opens, squirts a metered volume of liquid Hp into the
saturation chamber, and then closes immediately. After
a further delay the pressurizing pistonqj‘is allowed to
proceed in the forward (compressive) stroke. After another
delay, valves B and C are opened, piston D 1s reverted,
and the cycle is repeated.

The sbove approach is only one of many possible ways

of providing adequate reactant feed control.

c. Gas-Separating or Dispersing Filter

As shown in Sec. III-5, the rate of degassing of
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the supersaturated electrolyte can be made negligible in
comparison with the rate of regctant consumption by
use of clean and fully wetted lyophilic materials within
the entire electrolyte circulation system. The relatively
small amount of gas evolved in a normal operating cycle
could therefore be recompressed gnd redissolved in the
electrolyte during the pressurizgtion step. However,
in order to effect more complete redissolution, the gas
should be preferably broken up into microscopic bubtles.
This could be effected by a gas-dispersing filter placed
near the entry to the saturation chamber.

Alternately, the gas may be allowed to transpire
through selectively permeable membranes and be fed to

an guxillary gas-diffusion type of fuel cell,

Gas-separation or venting means masy also have to te
provided at the inlets to each fuel cell electrode to prevent
cldgging by evolved gas. Alternately, each electrode may
include highly gas-permesble arsas (preferebly adjacent
to each of the baffles) through which any trapped gas would

be sutomatically purged with continued electrolyte circulation.
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ITI. DESIGN CALCULATIONS

III-1. Electrolyte Property Deta and Choice of Composition
and Operating Temperature

a. Solubilities of Hy and O;

The solubilifies of H2 and o2 at 1 atm pressure
and various temperatures are shown in Fig. 1 as functions
of KOH concentration. The solubility of Hp decresses
with KOH content up to around 50 weight-% KOH and in-
cresses again in the range of 70-100% KOH. The solu-
bility of Op follows a similar trend, =t least up to
around 50% KOH.

For concentrations of up to 30% KOH, the decrease
in solubility corresponding to a temperature incresco
from 25 °C to 75 °C amounts to less than 204 for hydrogen
and less than 404 for oxygen. For 5 M (23 wt-#%) KOH,
this decrease may smount to less than 15% for both gaser.,
At 75 OC the solubilities of H, and O, in £ M KOH are
about 1.7 x 10"4 M and 1.8 x 10"4 M, respectively.

With increasing pressure the solubility appears to
follow Henry's law, at least in the case of O~ in 5 M

KOH at 25 °C and 2-10 atm (17, 2L).
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b.  Electrical Cohductivitx

At 18 ©c, the electricel conductivity of KOH
solutions reaches a maximum value of about 0.54 ohm™1-
em™! at around 254 KOH (38). This maximum conductivity
should increase with btemperature roughly in inverse »ro-
portion to the viscosity of water (39). One would there-
fore expect the conductivity of 5 M KOH at 75 s to be
around 1.5 ohm™ *-cm™1, However, the measured value is

closer to 1.1 ohm l-cm™1 (40).

¢. Diffusivitiles of Ho and Og

The respective diffusion coefficlents of H, and o
in § M KOH are approximately Dg, = 1.4 x 1075 cm®/sec
at 30 °¢ (19) and D02‘2'0.86 x 1072 cm?/sec at 25 O¢ (16).
Agein assuming roughly inverse proportionglity of solute
mobility to solvent viscosity (39), one obtains for 75 °C
in 5 M KOH Dp, = 3.1 x 1072 cm®/sec and Do, = 2.1 x 1075

cm?/sec.

d. Ccompressibility of 5 M KOH Solution

The compressibilities{S of aqueous electrolytes gre

given by the relation

B=po+ac " (6).,
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where @o is the compressibility of pure water, c 1= the
wolarity, and the constants A and B have the following

values for several electrolytes at 25 °C and 1 atm (41) .

Electrolyte A X 106 B x 106
1icl -4.97 0.84
NaCl ) -5.01 1.04
kel -5.73 1.13
LiOH -7.52 1.56
NaOH -8.59 1.90

From the differential contributions of K* and OH"
ions one can estimate the values A = -8.4 x 100 and
B~ 2.0 x 107° ror kog. Furtherumore, @0 ~ 45 x 1076
at 25 °C and 1 atm. Hence, the compressibility of s
5 M KOHE solution at 25 ©C and 1 stm should be approxi-
mately 25 atm™l.

The value of Fb at 75 °C and around 10C atm is ap-
proximately the same as at 25 °C and 1 atm (38). Hence,

6

the value (5’: 25 x 10°° atm—1 will be assumed to remain

also valid under these conditions.

e. Choice of Electrolyte Composition and Temperature

In view of the relatively smsll decrease in resc-

tant solubility with lncreasing tempersture between
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room temperature and 75 ©g, the latter temperaturs hss
been tentatlvely selected fo:r fuel cell operation. A
higher tempereture, e.g., 100 °C or even higher, mizght
prove to be preferable when additional property datas
are obtained for the temperature range above 75 °C.

In view of the power density limit imposed by the
ohmlc losses through the electrolyte (cf. Sec. III-4),
the optimum composition appears to be near the resis-

tivity minimum, i.e., 5 M (or 23%) KOH.
ITI-2. Reactznt Property Data and Choice of Pressure Cond: tions

g. Specific Yolumes of Hy and Op

The densities of liquid Hp and O, near their boiling
points (-252 °C and -183 °¢) ere 0.071 gm/cc and 1.1%
gn/cc, respectively (38). The corresponding specific
volumes are therefore 14.1 cc/gm or 28.2 cc/mole Hp
and 0.88 cc/gm or 28.0 cc/mole 0.

At 75 OC and 200 atm the available compressibility
data (ref. 35, pp. 488-495) yield specific volumes of
158 cc/mole H, and 141 cc/wole Os.

b. choice of Qperating Pressures

A meximum pressure cof 200 agtm 1n each saturstion
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chamber has been tentatively selectsd as an acceptable
compromise value yielding enhanced fuel cell performance
and efficiency without undue penalty in terms of pars-
sitic power and/or equipment weight requiremsnts.

A modzrate pressure of around 10 »ntm has been ten-

tatively selected for the remsinder of the electrolyte

circulation systen.
ITI-3. Comprersor and Pumping Power Requiretents

eg. Rate of Reactant Consumztion

At an sverage output of 1 kw at 1.1 v/cell (cf.
Sec. III-%.d.iv.) the rate of resctrort consumption
becomes

103 coul-v-sec L x 1 F
1.1 volt x 96,500 coul

~g.4% x 103 7/sec,

1.e., 4.7 x 10-3 wole Hg/sec plus 2.4 x 1272 wmole

0o/sec per kw power output.

b. Cryogenic Pumping Power

The power requlired for liguid reectant pumping 1is
given by APAV/At, where AP =~ 200 stm rnd AV/At is
around 28 cc-mole ™l x 4.7 x 1073 mole Hé/éec== 0.13

ce Hg/éec plus sround 0.07 cc 02/sec per kw power
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output. Hence, the totsl cryogenic pumping power becomes
approximately 200 atm x (C.13 + 0.07) ce-sec™l ~ & v,

i.e., around 0.4% of the power output.

¢. Pressurlzation Chamber Power

i. Rat¢ of electrolyte circulation. The respective

solubilities of Hp and Op in 5 M KOH being ebout 1.7
x 10°% Mend 1.8 x 10°% u at 7t ©Cc and 1 stw pressure,
the corresponding values at 200 atm should be around
0.03% M and 0.036 M, according to Henry's lew. Hence,

the minimum required circulation rste must be around

4.7 x 1073 wole Hg-sec'l
0.034 mole Hy-liter 1

2~ 0.138 1liter/sec

per kw power output. However, to ensure minimum diffusion
polarization the amount of Hp transported should be
around 504 higher than the amount consumed, i.e., at
least 200 cc/sec/kw.

Similarly, the Oo-rich electrolyte flow-rate should
be around 100 cc/sec/kw.

The total electrolyte flow rate should therefore
smount to about 300 cc/sec/kw.

1i. Pressurization power requirements. The compres-

sibility of 5 M KOH solution being about 25 x 1070 atum™?
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(ef. Sec. I11I-1.4.), the energy E, required to comprers
an initial electrolyte volume Vy at an Initisl pressure
p: =~ 10 atm to ¢ final volume Vp at a pressur: br = 2C0 stm

is given by the relstions:

Pr
E o= - av 7
c Tﬁv/‘ pay (7)
and v~ vy [1-B (o-p;) (8,
which yield
av > -fv;dp ()
|2 -~ _ 2
Eg f@%f Tpdp = Ipvy (ppe-2;°) (10)
~ 1 x 25 x 10°° ata™) x (20C atm)?vy
~ O.SV]' atm.

Hence, for Vs ~ 300 cc, Eo = 150 cc-atm =~ 15 joules.

The total pressurization power regulrements amount there-
fore to around 15 w/kw or around 1.54 of the power outrut.
. Actually, part of the rressurization pover will te
contributed by the vaporization of the reactants injected

into the chamber. The specific volumes of Hy and Oy
at 75 ©C and 200 2tm being 158 cc/mole and 141 cc/mole,
respectively, the total contribution from reactant ex-

pansion would be of the order of

100 atm x 150 cc-mele™l x (2.7 + 2.4) x 1073 mole/sec =

100 cc-atm/sec ~ 10 watts




per kw power output if the reactants were allowed to vaporire.
However, dissolutlon of reactants in the electrolyte intro-
duces a large uncertainty in the actual contribution to be
expected from the partial reactant pressures. 1In any event,
the total power required for adequate pressurization of the
electrolyte~-reactant mixture during the saturation step

would not exceed the above-estimated value of 1.5% and may

actually amount to less than 1% of the total power output.

d. Recompression of Expanded Gas

The gases leaving the cryogenic storage tanks and/or
any gas-ligquid separators may either be fed into a conventionsl
low-pressure fuel cell or else be recompressed and injected
into the pressurtzstion chambers. The latter approach would
dispose of any auxiliary fuel cell requirements provided
that the mass of gas to be recompressed can be held down to
a reasonable fraction fg of the mass of reactants consumed.

The energy required to recompress 1 gm-equivalent of each

of the reactants from 3 atm to 200 atm would be approximately

(3 + 3)0.030 F-v x 1n(200/3) = 0.094 F-v,



which is less than 94 of the energy derivable from g
fuel cell output of 1.1 v. With proper insulstion

of the cryogenic reactant system end with adequate
precgutions to minimize the concentration of ges-
bubble nuclei in the electrolyte system, there seems
to be no reason to expect a gas fraction fg higher
than 10%. Hence, any recompression power would amount

to less than C.1 x 9% = 0.9% of the power output.

e. Electrolyte Pumping Power

i. Flow velocities and pressure drops through the

electrode pores. With the baffle arrangement of Fig. 5,

the electrolyte must pass through two electrode thick-
nesses and be distributed on each pass over only half

2 for a

of the total electrode area, i.e., over 1800 cm
1-kw fuel cell (cf. Sec. III-4.b.).

The Hp-rich electrolyte flow of 200 cc/sec per kw
power output (cf. Sec. III—3.c.i.) must therefore yield
an apparent flow velocity of 200 cm3-sec™1/1800 cm? =
0.111 cm/sec.

The pressure drop through the anode mey be estimated

from Leva's correlation for fluid flow through fixed

packings (42, 43):

3-n
PoaL ¥¥u [“;gg) fﬁ-ﬂ (1),
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where A

Re

n

Setting, We = 1.11 x 1073 m/sec, de ~ 1076 m, £

n

f1(Re), 1s given by a graph in ref. 43,
Wde . h, /Y

Wf/fp = mean stream velocity Iin Interstices
between particles, in m/sec

stream velocity based on total cross-section
area, m/sec

porosity

= (2/’3)fp/(1-fp)g!1d€

[?-EOBSpr'azilé = particle shape factor
particle surface area, me

particle volume, m3

diameter of sphere equivalent to psacked .
particle in volume = (6v/u'):"/3
kinematic viscosity, m</sec
bed length, m

fluid density, kg/m3
acceleration of gravity, m/sec?

¢12, and

fofR2), 1is also given by a graph (42, 43).

~
o~ 0.6,

¢l'? 1.2, and 9~ 5 x 1077 mg/sec, one obtains deg p .~

2/3 x 0.6/(1-0.6) x 1.2 x 10 m~ 1.2 x 106 m,

Re =

- -~

-3 -6
~1:11 x 107° m/sec x 1.2 x 107° m __ ~ y yy y 1073,

~ 0.0 5 x 1077 me/sec
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which yields A= 8 x 10% and n = 1. Hence, for two andde
thicknesses of 2.5 x 10 ° m each, the total prescure

drop becomes

~ b2 x 2.5 x 1075 m (1.11 x 10”3 m/sec)? x
Panoges ¥ 8 * 10 10-0 m 2 x 9.8 m/sec<

N 3 3 1.4443
1.2 x 10°kg/m° x (_TTE)
~ 270 kg/m° = 0.027 stu.
Similarly, the total cathodic electrolyte flow

rate of 100 cm>/sec per kv output (cf. Sec. ITI-3.c.i.)
yields an appsrent velocity of 100 cmd-sec™1/1800 cm® <

5.56 x 10"“ m/sec = Wp. Hence,

—4 - ‘1 n —6 .
~ 6.67 x 107" m-sec” " x 1.2 x 107° m 4 £ 4 10-3,
5 x 10°7 m?/sec

Re
which ylelds A~ 3 x 10°. Thus, the pressure drop through
two cathode thicknesses of 0.01 cm each becomes

2 x 107" m , (5.56 x 10°% w/sec)? |
10°% 'm 2 x 9.8 m/sec”

‘QPcat <~ 3 x 100 x
1.2 x 10%kg/w3 x (%;%3)3 2~ 103 kg/m® ~ 0.1 atm.
That the above'pressure drop estimates are reallistic
mey be ascértained from available specifications for

lockheed microporous stainless steel filters (44), eccording

to which 0.025 cm thick Type E-300 filters with a particle
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retention size of 0.7 micron would require a AP of around
0.2 atm for a room temperature water flow rate of 0.06
cm/sec, whereas comparable 1-micron size filters require
only 0.07 atm for the same flow rate. These figures
are surprisingly ciose to the above estimatedAAPcat of
C.1 atm for a double cathode thickness of 0.020 cm.

From the preceding estimates it is evident that
the average pressure drop per unit clectrolyte volume
for the combined anodic and cathodic flows, would amount

to only

200 cc x 0.027 atm + 100 cc x C.1 atm
300 cc

AP = T €.051 atm.

This‘APav could, of course, be further reduced by increasing
the aversge particle size and/or interspersing lsrge
diemeter pores thrcugh the fine pore structure. Aalter-
nately, the average psrticle size can be greatly reduced

W thout markedly increasing APy, provided that pores

in excess of 1 micron be interspersed throughout the

electrodes.

11. Total pressure dror and pumping power. It ls easy

to ascertain that the pressure drops through the channels
adjoining the electrodes and also through the remainder
of the electrolyte circulating system are small 1n com-
parison with the above-estimated,APav ~ 0.05 atm. Hence

a total effective pressure drop.APT?? 0.1 atm should
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suffice to account for all these additional losses as

well as for all expected pumping inefficiencies.
Hence, the electrolyte puupring power need not

exceed 0.1 atm x 300 cc/sec € 30 cc-atm/sec = 3 wattis

per kw power output, or C.34 of total output.

f. Maximum Total Pumping and Pressurization Power Consumption

The above-estimated pover requirements add up as follows:

Cryogenic pumping power 0.44¢ of output power
Pressurization of saturation

chambers <l.5¢ " " "
Recompressioh of expanded gas <0.9%¢ " " "

Electrolyte circulation 0.3¢ " " "

TOta.l <3 .1% " " 1"

- 4o -




I71-4. Fuel Cell Stack Analysis

8. Nominal Current Density

Assuming a shallow slope of the voltage-current
density curves withih the selected operating range,
the main current density limitation would arise from
ohmic losses through the electrolyte. Given an electro-
lyte resistivity e * 0.9 ohm-cm (cf. Sec. III-1.b.)
the spacings for the configuration of Fig. & as listed
in Sec. IT-2.b.1. (La * 0.0025% cum, Lg ¥ 0.C1 cm,
Ls = 0.04 cm, Lc * 0.01 cm), and assuming that
ft = tortuosity factor for electrode and separator
matrix pores = 2
fo = fraction of total electrode thickness traversed
by an average current flow-path = 0.5, and
f_ = porosity of the electrode and separator structures ~
0.6,
then the total effective electrolyte resistance per cm?

electrode face area becomes

R

~ "1- \ -1 ~
efr Pﬁeftfp (La + L) ¢ f’tfp Ly ¢+ QLg] (12)

n

0.16 ohm-cm®.
Hence, in order to keep the average ohmic loss down

to less than 0.04 v, the average operating current
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density should not exceed 0.25 amp/bmg. The latter
value 1s therefore selected here as the nominal average
current density. Of course, much higher pesk current
densities may still be allowed at a rather moderate

loss in output woltage.

b. Total Electrode Ares

For an average cell voltage of 1.1 v (cf. Sec.
III—M.iv.) and a current density of 0.25 amp/cm2, the

total electrode area per kw becomes

~ 103 V-amp | . ~ N 2
=2 3,600 cm”.

Ae 1.1 v x 0.25 anp/c

c. Electrode Thicknesses

By dispensing with binders, water repellants, and
other extraneous materials the electrodes can bé made
much thinner than at present and yet provide a comparable
cataelyst area. E.g., & pure 60% porous sintered Pt Or Raney Pt
electrode comprising the same form and smount of Pt
black as is currently used in the "high-loading" electrode
type (45), 1i.e., 46 mg Pt/cm2 apparent area, would have
a thickness of only

0:040 gm/cm?

= r— = 0.00 .
(1-0.6)21.5 gu/cus > om
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An amount of Pt black comparable to that in "standard"
electrodes, i.e., 9 mg/cm® (45), would require a thick-
ness of only 0.001 cm.

Since the "standard" Ho electrodes yield negligible
polarization, i.e., 0.03-0.05 v at 0.2 amp/cu® at 30 O¢
(46), a thickness of 1073 cm might be adequate for pure
Pt anodés. However, to provide greater mechanical strength
and maximum reliablility against catalyst deterioration
an anode thickness of 0.0025 em is proposed here.

Similarly, a cathode thickness of 0.01 cm has been
tentatively selected so as to yield at least a two-fold
greater catalyst area than that provided by the above-
cited "high—loading" electrodes.

d. Polarization and Ohmic Iosses, and Net Cell Voltage

i. Absence of significant diffusion limitations and

negligible anode polariration. In view of the relatively

high exchange current density for the anodic reaction
(1o =~ 1073 amp/cm®), the selected anode thickness of
0.0025 cm may be at least an order of magnitude greater
than required to enéure negligiﬁle activation polari-
zation (9, 23).

To ascertain that diffusion polarization losses
should also be negligible one can again apply the Einstein
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relation (cf. Eq. (3), Sec. II-2.a.). Assuming an
average pore dismeter dp ~ 10‘4 cu, the average maximum
radial distance d, from the center of a pore to the pore
wall becomes

dy = %dp % 5 x 1070 cm (13),
which, together with Egqs. (3) and (4), yilelds a maximum
diffusion time

IN

35°2/2D (1%)
£ dp.2/8D (15).

ta

Hence, for Dgp ~3 x 107 cme/éec (cf. Sec. III-1l.c.),
one obtains .

tg < (10“4 cm)e/(8 x 3 x 1072 cme/%ec) = 4 x 1075 sec,
as coumpared with a transit time through a single anode
thickness of 0.0025 cm/0.111 cm-sec™l = 0.023 sec. Tt is
thus clear that the reactants should have ample time for
diffusion to the pore walls.

The crude analysis based on Eq. (3), although far
from rigorous, is believed to be more correct than those
based on empirical correlations of effective mass transfer
coefficients (22, 47), as the latter coefficients can
only remain valid for substantlal stagnant film thick-
nesses. When the pore dlameters are so small that dif-

fusion becomes quite rapld even 1n the absence of any

- 46 -

Mo



flow, the stagnant film concept and hence the correlations
based thereon become meaningless, and can be replaced
by a simpler analytical approach.

Moreover, since total anode polarizetion 1is known
to be quite small (46) even under the relatively un-
favorable conditions prevailing in gaseous diffusion
electrodes (cf. Sec. 1I-1), it should become altogether
negligible with the fast transport rate provided by the

supersaturated electrode feed.

1i. Activation polarization at the cathode. Since the

solubllities and diffusivities of O, and H, are compar-
able (cf. Sec. III-l.a. and c.) and only % mole 0, is
required per mole of Hp, diffusion polarirzation should
be g fortiorl negligible at the cathodes, especially
in view of the four-fold greater cathode thickness (or
longer transit time through the cathode pores). The
chief remaining rate limitation must therefore be asso-
ciated with activation polarization at the cathode (23, 46).
It might be tempting to apply here the results of
several pertinent theoretical analyses (48-50). Indeed
with the baffle arrangement of Fig..5, the electrolyte
enters from the back through one half of the electrode
ares and from the front through the other hglf. Hence,
the analytical solutions worked out for flooded-flow




electrodes with posterior and frontal reactant feeds
should be applicable in this case. However, these solu-
tions can not be used to predict electrode polarization
without reliable data for the exchange current density
at 0, electrodes in the 75 ©¢-100 °C range. A more
empirical and simpler approach must therefore be resorted
to.

Given the polarization curves for porous diffusion
type fuel cells at atmospheric pressure and 70 °C with
5 M KOH (45, 46), it may suffice to estimate the apparent
current density 1gp at the tested gas-diffusion electrodes
which may produce the same activation polarizetion as that of a
supersaturated-feed electrode operating at the apparent
cufrent density igp. The ratio of igp to iGD should be
proportional to the ratios of the respective catalyst
surface areas ASF/AGD and of the respectlve exchange

current densities iOSF/iOGD’ i.e.,

igp/igp = (Agp/Agp) (f65p/logp) (16) .

Now, i, 1s known to increase with increasing reac-
tant concentration at the electrode surface (4, 7, 51-53).
E.g., an incfease in 0, pressure in the range of 1-100 atm

on Pt electrodes transiates the Tafel curve "towards
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increasing current in amount directly proportionsl to
the oxygen pressure" (ref. 53, pp. 21 and 24). Even

af ter making allowance for the expected increase in
open-circult potential (cf. Eq. (1), Sec I1-6), the
megsured translafion still appears proportional to at
least p022/3'='3h. Furthermore, a cathode thickhess

of 0.010 cm was shown in Sec. ITI-4.c. to yleld at least
twice the catalyst surface area as that provided by a
"high-loading" electrode. Hence, 1SF/1GD‘:’2 x 34 ~ 68,
i.e., an 1gp of 0.25 smp/cm” should result in the same
actlvation overvoltage as that observed for igp % 0.004%
amp/cm® .

With 5 M KOR at 70 °C and 1 atm, the working cell
voltage corresponding to igp ™~ 0.005 amp/cm® is at least
1.0 v (ref. 45, Fig. 3), as compared with an observed
mixed open-circuit potential of 1.05 v (45) and a the-
oretical s.u.f. of 1.19 v (25). Hence, cathode polar-
ization with supersaturated feed should not exceed 0.19 v
with respect to the theoretical ewmf or 0.05 v with

respect to the actual open-circult voltage.

1ii. mTotal polarization and ohmie losses. The maximun

polarization loss of 0.19 v estimated in Sec. i1i-4.4.11.
represents the sum total of all electrode polarization

losses to be expected at the nominal current density of




0.25 amp/em®, Most of these losses are attributable to a

mixed OE-HQO2 potential at the cathode. 1In addition, the ohmic
loss was estimated at 0.04 v for the same current density

‘ (ef. Sec. III-4.a.). Hence, the total polarization and ohmic
losses should not exceed 0.19 v ¢« 0.04 v = 0.23 v,

iv. Net cell output at nominal load. As pointed out in Sec.

I-5, the theoretical emf should increase by 0.12 v at 200 atm
pressure with respect to the atmospheric value of 1.19 v. The
total theoretical emf adds up then to 1.31 v. Subtracting the
total losses estimated in Sec. ITII-4.d.11i., one obtains a net
cell output at 0.25 amp/cm® of at least 1.31 v-0.23 v = 1.08 v.
Moreover, in view of several other favorable factors excluded
from the above estimates for the sake of simplicity, it appears
safe to conclude that the actual operating voltage should
easily exceed 1.10 v.

ITIT-5. DBubble Nuclestion and Growth Rate

a. Requirements for Negligible Gas Evolution

The mechanism of any phase transition 1s known to be ini-
tlated by the formation of stable nuclei of a critical minimum
‘ slze and to be followed by the growth and multiplication of

nuclei (5%-56). Nuclear growth 1s limited by the rate of diffusiocn of
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solute molecules toward the stable nuclel. Hence, the
condition for negligible gassing is that the mean time
tgb for diffusion to a stable gas bubble be much longer
than the total transit time tyq through an electrolyte
circulation loop. More exactly, the transit time from
the saturation chamber to the fuel cell outlets tpg
should be less than 0.1 tgb if the evolved ges 1s not
to exceed a fraction f_ greater than 104 of the amount

g
consumed at the electrodes:

tpo < 0.1 tgb (17).
Now the apparent flow velocity through the cathodes was
estimated in Sec. III-3.e.i. at 0.056 cm/sec. Henée the
transit time through two cathode thicknesses would alone
amount to 0.02 cm/0.056 cm-sec™ T = 0.36 sec. Hence trg
must be of the order of 4 sec during operation at nominal
10ad, and tgb must accordingly exceed 5 sec. Therefore
according to Eq. (3), the mean distance dgp to a gas bub-

ble nucleus should be at least
- 5 wmP-sec-l 3
dgp = (2Dtgb)2 > (2 x3 x 1077 cm“-sec™ ™ x 5 sec)? =~ 0.02 cum.

Hence, the concentration of gas nuclel must be kept down
to less than (0.02 cm)"3 * 105 em3,
Whether this condition can be easily Satisfied will

depend on the prevalling nucleation mechanism.
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b. Homogeneous Nucleatlon

Homogeneous nucleation i1s expected to occur only
when the ratio of the nucleating solute pressure Py
to 1ts equilibrium pressure Pg approaches the Volmer
relation (5%-56)

1n (pn/pe): (161ra3Vm2/3k3T3lnC)'é (18),

wvhere ¢ 1s the interfacisl tension, Vp 1s the molecular
volume of the solute, k 1s Boltzmann's constant, T is the
absolute teumperature, and ¢ is a constant approximately
equal to 10°° (55). The surface tension ¢ of 5 M KOH
at 75 ©C being around 70 dynes/cm, and setting De =
10 atm, and Vyp/kT ¥ pg™l for gas bubbles, one obtains

1n(pn/pe) = (162703 dyne3-cm™3 x 1072 atm’z/SLchnIJ!)'lf

~ 140,

which would require a pressure Pp = 1063 atm in order for
homogeneous nucleation to occur. Alternately, sccording
to a somewhat different version of the Volmer relation
(ref. 56, p. 16) the rate of homogeneous nucleation at
a saturation ratio of 200 atm/10 atm = 20 would be of
the order of 1073.700 ¢pn=3-sec1, It appears therefore
thet no degassing would be encountered in the absence of

foreign nuclei.
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c. Heterogeneous Nucleation

To prevent or minimize heterogeneous nucleation a
few rather simple precautions may have to be taken. Tn
the first place, cleanliness of the electrolyte and thorough
wvetting of the entire electrolyte circulation system should
be of major importance. According to wWalton (55), it has
been possible to heat water as high as 200 OC without boiling
by paying thorough asttention to purity and to perfect wetting
of the container walls. 1In contrast, Rummel and Young have
succeeded 1in greatly accelerating the nucleation of bubbles
on heated metal by depostiting a multitude of tiny Teflon
spots on the heated surface (55). Tiny Teflbn particles would
>therefore have to be definitely kept out of the electrolyte
circulstion systen.

It may aiso be necessary to minimize shock or spurious
vibrations by providing shock dampeners in or sround those
parts of the electrolyte system which are outside the satura-
tion chambers, as pressure waves are known to accelerate
nucleation (55). Finally, it may be desirable to condition
the electrolyte system with a stable electrochemically
harmless surface wetting additive.

By means of such precautions it would not seem difficult
to keep the bubble nuclel far below the maximum alloweble

concentration of 105 cm™3 (ef. Seec. 1III1-5.a.).




IV. VWEIGHT ESTIMATFS

Any welight assessment for an entire supersaturated
feed fuel cell system (SFFC) could not be exact in the
absence of detailed mechanical designs going far beyond
the scope of this study. The present estimates will
therefore be restricted to the major differences between
the SFFC and the gaseous-diffusion type (GDT) systems.

The weights of the additional components required
by the SFFC but not by the GDT are first estimsted in
Sec. IV-1l. fThe savings in fuel stack, radiator, reactant,
and storage tank weights are then computed in Secs. IV-2,
IV-3, and IV-4, and the net savings derived from the SFFC
are summed up in Sec. IV-5. Since the component weights
of Sec. IV-1 are the most dffficult to assess accurately,
special pains have been taken to lean toward the con-
servative direction, so that tiie component weight of
Sec. IV-1 may be far higher than required and the net
savings of Sec. IV-5 considerably lower than what may be

realized.
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IV-1. Extra Component Weights

The extra weight of the additional required components
can be only roughly estimated from that of similar hardware
comuzrclally available at present. Furthermore, the incfe-
mental weight requirements per kw power output may dbe
expected to decrease with increasing power capacity. The
present estimates will therefore start with a4 minimum
nominal power output of 2 kw, as g basis. Of the total
extra component weight W, estimated for the minimum size,
half will be assumed to constitute a fixed m!nimum Wy,
and half will be agssumed to be proportional to the fuel
cell power, Pg: |

We & Wy + FpPp (19)
where the proportionality factor Fp would be derived
from the relstion

5(We) oy = 2Fp 1b-kw~1 (20).

To estimate (Wc)2Kw one may start first with the
saturation chauber weights Wg, which should not exceed
1 1b/100 cc (cf. Sec. II-2.a.), i.e., 3 1b for a total
chamber capacity of 300 cc (200 cc and 100 cc for the
Ho-rich and Oo-rich electrolytes, respectively). In
addition, each chamber requires 3 gutomatically actuated
valves capable of withstanding a maxiwmum back-pressure
of 200 atm, including one {ast-response cryogenic valve
operating at a high pressure differential, and two simul-

taneously acting valves subjected to a negligible pressure

differential when open. The latter two valves csn be
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replaced by a single double-acting valve weighineg around
1 1b, while the single cryogenic valve might weigh around
1 1b (including insulation). The total saturation chamber
welght including 2 cryogenic valves and 2 double-acting
electrolyte valves may thus add up to
(ws)gmﬁ’ 31be 2(1 1b + 1 1b) = 6 1b.

That the above valve weights are conservative may
be seen from quotations for commercislly available valves
such as Circle Seal high-response solenoid valves Model
V4149 or V4152, rated for pressures in excess of 3,000
psl and response times of 1 or 2 msec, described as
"suitable for cryogenic service," and weighing only about
3 1v (57).

The micro-volume high-pressure cryogenic pumps re-

quired to inject 0.13 cc H, and 0.07 ce O, prer cycle or

2
per kw-sec (cf. Sec. III-3.b.) might be compared with

an Eastern size 102 hydraulic pumr (58) capable of de-
livering around 1% gpm (or almost 100 cc/sec) at 100 atm,
and weighing only 1.6 1b (without motor). Hence, in view
of the much smaller volume requirements (C.26 cc Ho/sec
or 0.14 cc 0,/sec for operation at 2 kw), a weight of

1.2 1b for the liguid Hy pump and of 0.7 1b for the liquid

O, pump, including insulation and subcooling chambers,
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appears to be a conservative estimate. The total weight
W1, of the 1liquid reactant pumping system may thus add
up to

(wL)2Kw ~1.31b + 0.7 1b ~ 2 1b.

The electrolyte pumps may be compared with an Eastern
Industries Type V0-2100 (58) weighing 13 1b (without
motor) and delivering around 9 gpm (500 cc/sec) at 10
atm discharge pressure. Hence, assuming that one such
pump may be reguired for each of the O--rich and Hp-
rich electrolyte lines, the total welght WE of the elec-
trolyte pumps would add up to

(Wgdogy < 3 1b.

In view of the relstively small auxiliary power
requirements (3% of 2 KW~ 60 watts), the weights of
motors and controls, WMC,should not exceed 2 1b,

(Wyg) ogyw = 2 1b-

Similarly, the additional hardware required to con-
vert the slready existing heat-rejectlon system into a
100- to 200-watt thermal engine should not exceed (Won) oy
3 1b. |

Although each of these estimated component welghts
may be too conservative (cf.vSec. II-3.a.), their sum

total is only
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(Wc)ng== (W * Wy, + Wg + Wy * wTh)QKw
(6+2+3+24+3) 1b~ 16 1b.
Hence, Egs. (19) and (20) assume the approximate form
Wo T 4 1b + & P 1b-kw 1 - (21).

Thus, for nominal fuel cell powers PF of 5 kw,.
10 kw, and 20 kw the estimated W, would be around 24
1b, &4 1b, and 84 1b. 1In the 20-50 KW range the rate
of Increase In W, should be somewhat slover, i.e., Wg
may amount to around 150 1b for a 50-kw system. All of
these values are probably at least twice as high as

what may be actually required, but they may still permit

a meaningful comparison with galternate systems.
IV-2. BSaving in Cell Stack Welght

A currently avallable 2-kw fuel cell system weighs
100-140 1b/kw of sustained power vwhen filled with elec-
trolyte and operating at a current density of 100 amps/ftZ
(11, 59). Although this weight might be considerably
reduced with moderate state-of-the-art advances, the
minimum weight of the gas-diffusion type fuel cell
stacks aslone could not be less than the 20 1b/kw presently
obtainable at pesk power (59).

On the other hand, with the cell dlmensio



in Sec. II-2.b.1i., the active fuel cell volume would be
only around
0.123 cm x 3,600 cm®/Aw = 440 cm3fiv,
of which only 104 would consist of the relatively heavy
porous electrode volume. The density of Pt being 21.45
gm/bm3, even a 60% porous electrode would have asn effective
density of (0.4 x 21.5 + 0.6 x 1.2) gm/em3 ¥ 6.2 gm/cm> when
filled with electrolyte. Assuming an average density of
2 gm/cmd for the electrolyte, separator, and cell wall
materials, the weight W, of the active cell volume becomes
| W, ~ 440 cm3 (0.10 x 9.3 gm/cm3 + 0.90 x 2 gm/cm3) fkw
~ 2.9 1b/kw.
In addition, the cell edges, gaskets, manifolds, end-plates,
inlet-outlet tubing, and the electrolyte contzined in the
circulating system may double the above weight for & totel
fuel cell and electrolyte weight
Wpp & 5.4 1b/kv.

Hence, even assuming the minliwmum achievable weight
of 20 1b/kw for gas diffusion type fuel cell stecks, one
would still expect & weight saving Wgp of eround 15 1b/kw
in eell stack weight: |

Wep = 15 Pp 1b-kw'l (22).

SF
According to Eqs. (21) and (22), Wg, would alone

suffice to cancel out W, and yleld a net saving in totel
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equipment weight even for P_ z 2 kv, This conclusion
is in at least wualitative agreement with the results of

Reti and Sadek (23).

IV-3. Saving in Radiator weight

The radiator used with present GDT ruel cell systems
veighs 20 to 25 1b/kw electrical power output (59). With
the higher energy conversion efficiency of the SFFC the
reduced heat rejection requirements should permit a propor-
tionate decrease in radiator weight. At an output of 1.1 v/cell
the SFFC heat production rate was found to amount to 430 w/kw
(cf. Sec. II-2.c.). 1In present GDT fuel cells operating
at 0.90 v/cell, the heat production rate must amount to
0.57 v/0.90 v = 63% or 630 w/kw. fThe required radiator
weight is thus reduced by (63%-43%)/63% =~ 32¢ for other-
wise identical cooling conditions. Thus, assuming the
1ower'11mit of 20 1b/kw for the weight of present radiators,
the net saving in radiator weight becomes

~ -1 ~ -
Wspag = 0-3 % 20 1b-kw™l ¥ 6 1b-kw=! (23).
TV-4. Savings in Reactant and Tank Weights

At 0.90 volt/cell and 100% Farsdaic efficiency,
the total reactant consumption amounts to 0.82 1b/kw-hr.
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The ratio of storage tank weight to reactant weight being
around 2/3 (59), the total required reactant and tank
weight would add up then to around 1.37 1b/kw-hr.

This weight requirement would decrease in inverse
proportion to the cell voltage, thus reducing to (0.9/1.1)
x 1.37 1b/kw-hr = 1.12 1b/kw-hr for a system operating at
1.1 volt/cell and 100% Faradaic efficiency. The net saving
wSR in total reactant and tank weights i1s therefore

wSR'-'(1.37-1.12) 1b/kw-hr = 0.25 1b/kw-hr.

Setting t, for the time of continuous operation at the

P
rated power PF’ one can express this result in the form

) -1_p,.-1
Wgp = 0.25 tpPp 1b-kw™ ~=-hr (24),

IV-5. Over-all Weight Saving

Combining Eqs. (21) through (24), one obtains an
over-all net weight saving

Wey = (0.25t, hr™l + 17)Pp 1b-kw™! - 4 1b (25).

A net saving 1s thus expected even for Pp as low as 1
KW in missions of short duration. For missions of more than
60 hr the savings in reactant and tank weights become pre-

dominant, as shown graphically in Fig. 6.
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V. ADJUSTMENT TO VARIABLE LOAD AND MISSION REQUIREMENTS
V-1. S8ystem Simplificsations for Missions of Short Duration

The design and weight estimates of Secs. IT and III
were primgrily conéerned with‘operation at or near maximum
energy conversion efficlency. Such maximum efficiency
operation would be most desirable for missions of long
duration, e.g., of more than 60 hr, where the savings in
reactant and storage tank weights become the predominant
factor (cf. Sec. IV-4%). However, for shorter missions,
it may be advantageous to minimize equipment weight
even at an agppreclable sacrifice of reactant consumption
efficiency. For such missions the SFFC system couid be
simplified and/or msde considerably lighter by elimination
of any auxiliary GDT fuel cell and/or of the thermal
engine and by further reduction in fuel cell stack weight
by operation at higher current densities, i.n., closer to
the peak power capability limits arrived at in Sec. V-3.
Without the thermal engine the radiator temperature could
be raised to 340 %K or higher, which could cut down the
radiator weight almoét in half. Around 10 1b/kw could
thus be saved in toto by operating the fuel cell stack
at twice its rated power. A further saving of 3 1b/kw
could then be reslized on the radiator weight by allowing
the water product to evaporate directly into empty space.
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V-2. Stand-By or low Power Operation

Although a downward or upward factor of around U4 was
assumed 1n Sec. II-2.a. to be the maximum desirable deviation
from rated power (more exactly 0.5 to 10 kw for a nominal
2-kw system), low power operation or even stand-by readiness
could be maintained, nevertheless, if need be, at a relatively
low rate of reactant consumption.

In the absence of significant reactant diffusion
through the separator matrix, the SFFC could be maintained
in permanent stand-by readiness even without any power
consumption, as the partial reactant pressufes of 10 atm
in a completely equilibrated system could still yield |
sufficient fuel cell power to bring the system into immediate
operation. Since the actual reactant diffusion rate through
a tight 0.04 cm thick separator matrix would amount to far
less than 0.1% of the rate of consumption at nominal load,
and the parasitic power demands are also insignificant in the
absence of power drain, the total reactant consumption rate
under no load conditions should be considerably less than

0.1% of the average operating rate.
V-3. Peak Power Capability

AS suggested in Sec. II-2.a., a peak power capabllity




of around £ times the rated load should be feasible by
increasing the saturation cycle frequency in roughly
the same proportion. However, at a 5-fold increase in
current density relative to the nominal vglue of 0.25
amps/bme, the ohmic and polarization losses would be
increased by around 0.20 v (cf. Secs. II-%.a. and d.).
The actuai power gain would then amount to a factor of
only 5 x 0.90 v/1.10 v ~ 4.1, an 8-fold increase in
current density would reduce the operating voltage to
around 0.75 v/cell and thus yield a peak power of 8 x
0.75 v/1.1 v ~ 5.5 times the rated load. The peak power
capability should therefore be in the range of 4 to 6

times the nominal power.
v-4. Sensitivity to Overloads

At any given cycling frequency the continuous current
drawn from the SFFC could not exceed the limit determined
by the rate of reactant transport. It is thus possible
to prevent any dangerous overload by limiting the opera-
tional frequency range of the controlling oscillator
(cf. sSec. II-3.b.1ii).

Even in case of malfunction of the frequency limiting
provision, the following operative mechanisms would serve

to prevent any serious overheat damage to the fuel cell stack:
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a. Increased cycling frequency and electrolyte
temperature would result in an increased heat removal
rate.
b. Increased electrolyte temrerature vould result
in lower reactant solubilities and hence higher
cycling and cooling rates for a glven current drain.
c. increased electrolyte tempersture would also
result 1n reduced ohmic and polarization losses &nd
hence reduced heat generation rate.
Tt would thus be rather difficult to effect any
damage 1in the SFFC stacks through electrical overloads.
0f course, the possibility may arise of mechanical damage
to the accessory components at excesslve cycling fréquencies.
However, such damage could be prevented by selecting or
designing components rated for st least 10 times the maxi-

mum expected cycling frequency.



VI. OVER-ALL ASSESSMENT OF THE SUPERSATURATED FEED APPROACH

VI-1l. Comparison with Gaseous Fuel Cells

According to Eq (25), Sec. IV-5, the SFFC system should
result in net savings of around 17 1b/kw in equipment weight
alone and of & lb/kw-hr in the weight of reactants and tanks.
This ylelds total savings of 42 1b/kw and 267 1b/kw for 100-
hr and 1,000-hr mimsions, respectively. A saving of about a
ton is realized on an 8,000 kw-hr system.

On missions of short duration the savings in reactant
welghts become insignificant, but the accessory equipment
wmay then be greatly simplified so as to yield further savings
of around 13 1b/kw (ef. Sec. V-1). The totel savings in
equipment weight would then amount to 30 1b/kw. Since the total
veight of GDT systems may be reduced to under 100 1b/kw with
moderate state-of~the-art improvements (59), these estimated
savings would amount to an overall reduction of at least 30%
over the minimum that might be achieved with GDT systems.

Since the savings in reactant and tank weights during
longer missions would also amount to over 20% of the minimum
required with GDT systems, the over-all wéight savings
realizable with an SFFC should amount to at least 20-30%

regardless of wmission length.
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The savings in equipment arise chiefly from the major
size reductions in the fuel cell stack and in the radiator
permitted by increased energy efficiency and power capability.

Yet, even with the wa Jor reduction in cell stack size,
the peak power capability is around 4 to 6 times the reted power
with the SFFC systewm,whereas e peak to average power ratio
of 2:1 is barely achievable with the GDT (11). Neither
should the SFFC stacks be subject to the gradual deteriorastion
observed with the GDT (11, 12).

The only objectionable feature of the SFFC system
mey be the requirement for accessory mechanical aguipment
involving moving perts., However, the number of such parts
can be kept reasonably small through proper design. Moreover,
any loss in reliability associated with such moving parts
should be amply offset by the improved reliability of the
fuel cell stack.

VI-2. Comparison with Undersaturated Flooded-Flow Systeus

To determine whether the above-demonstrated advantages
are due primarily to the supersaturated feed or to the
flooded-flow approach a comparison with undersaturated

flooded-flow (UFF) systems may be of interest.
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The earlier UFF cells of Bacon (13) and Meissner and
Reti (21, 22) have already been covered in Sec. I-2.
However, the recent study of Reti and Sadek (23), hereafter
referred to as R & S, calls for a closer comparison.

Both the present and the R & S studies sgree ati
least qualltatively that:

a) the flooded-flow approach offers significant

advantages over GDT fuel cells;

b) this approach calls for saturation pressures of

at least 50 atm and preferably higher pressures; and

c) this approach results in considerable savings in

over-all equipment weight alone.
However, R & S obtain no'gain in over-all energy efficiency
and hence no savings in reactant weights. Neither do
these studies agree quantitatively on several msjor points.

An absolute weight comparison between the SFFC dis-
cusséd here and the UFF system of R & S 1s not possible
becguse the weights estimated in Sec. IV for'comparable
equipment are clearly far more conservative than those of
R&S. It is possible, however, to assess the relative
advantage by referring consistently to the R & S weight
estimates. |

For mission lengths of 2% hr to 240 hr R & 8 arrive
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at an optimized equipment welght breakdown of around 5-6 1b
for the fuel cell stack, 12-13 1b for the radiator, and
9-10 1b for the saturators per kw power output. These
equipment weights should be reduced by the following
percentages with the SFFC system presented in Secs. IT

and III: | |

a) a reduction of at least 40-60% in fuel cell stack

arising from higher current demnsity (0.25 smp/cu® as

couwpared with 0.13-0.18 amp/bmg) and higher voltage
output (1.1 v/cell as compared with 0.85-0.87 v/cell);

b) a reduction of at least 40% in rediator weight

arising from reduced heat generation at higher output

voltage (cf. Sec. IV-3); and.

c) a reduction of at ieast 504 in saturator welght

arising from reduced saturator volume and reduced

pumping requirements with higher saturation pressures.

‘The SFFC approach results therefore in an equipment
weight reduction of around 504 and in a reactant weight
reduction of (1.10 v-0.87 v)/0.87 v « 26¢.

The rather low vqltage output arrived at by R & S
appears to result partly from low tempersture operation,
~and the ohmiec and polarigstion losses assoclated therewith,
and partly from the lower operating pressure which leads
to higher polarization losses and higher psrasitic power

requirements. A higher operating tempersture would result



in lower ohmic and polarization losses but in higher
pumping requirements.

Nelther could the UFF system proposed by R & S yield
the high peak power capabilities of the SFrC (ef. Sec. V-3)
since thelr pumping requirements are rather high even at
rated load.

It should, of course, be possible to introduce certain
improvements in the UFF system which may narrow down these
differences somewhat. E.g., by operating the UFF system
at 200 atm and 75 °C the savings in reactant and tank
weights obtained with the SFFC should also be realized
with the UFF. However, the total equipment weight would
then have to be increased considerably, as the entire
éystem would have to withstand at least 200 atm pressure.
Even the saturation chambers would have to be increased
appreciably since 1t would not be easy to inject a dryo-
genic reactant spray through high-pressure nozzles into
an already pressurized electrolyte.

The ma jor gains arrived at in this study appear
therefore to derive chiefly from the supersaturation

approach.
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VII. CONCLUSIONS

The over-sll welght savings of at least 2C% obtained
with the SFFC as compared with either the GDT or the
UFF systems derive chiefly from the attainment of high reactant
activities in the circulating eledtrolytes. For the
saturation pressures of 200 gtm assumed in this study,
the weight of acbessory equipment and the pumping and
pressurlization power requirements were found to be negli-
gible in comparison with the over-all gains. Although
further net gains may be realized with even higher sat-
uragtion pressures, the optimum point would probably not
exceed 600 atm, as the additional equipment weight and
Parasitic power requirements would then definitely begin
to outweigh the marginal sdvantages to be gained from
further pressure increases.

Further galns through reduced cathode polarizstion
should result from higher operating temperstures, e.g.,
100-150 ©°c. However, in the absence of reactant solubility
data, the optimum temperature region remalns uncertain.

The expected lmprovements in fuel cell performance
may be large enough to elicit justifiasble disbelief and
a suspicion that the above estimates magy have been somehow

blased 1in favor of the SFFC. That i1s why consideradble
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pains have been taken throughout this work to take into
eccount any possible problem areas and to discount seversl
additional favorable factors. E.g., in the estimates of
polarization losses (cf. 8ec. ITII-%.d4.). no allowance
vas made for the improved utilization of the available
catalyst area arising from the absence of obstructions
by géses,‘vater-repellents or inactive binders. Also
left unmentioned are the slmplifications in electrode
mgnufacture and the increased relisbility obtalnable with
a pure porous catalyst structure, or the further welght
savings resllzsble by dispensing with some of the acces-
sories required with GDT systems, such as the heating
elements and controls presently used to draw gaseoué
reactants from cryogenib tanks during peak power demsnd.
Further work gimed at demonstrating the advantages
of SFFC in actual practice should start with the construc-
tion and testing of s small SFFC utilizing conventional
saturation and pumping equipment. This could be followed
first by the design, construction and testing of tailor-
made accessory components, snd finally by the construction,

trouble-shooting, and life-testing of a complete system.
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Fig. 1. Solubilities of O2 and Hy in aqueous KON solutions:
a. 0o at 15-100 °¢ |
b. H, at 21-75 °¢
¢. Hy at 170-200 °c
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To valve B

Multiple Thermal

<Diaphragm /Nozzles " insulation

: ’ — Pressurizing

N Piston To valve A
Hydraulic
. N , Therhally insulating
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To valve C
Fig. 3. Saturation chamber
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RN . To valve A

Fig. 4. Multiple nozzle arrangement
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